Evaluating distribution patterns of species and identifying underlying responsible factors are essential to advance the understanding of how communities are assembled and also to support more effective decision-making for conservation. We evaluated the occurrence of a nested distribution pattern of phytoplankton communities among 25 shallow coastal lakes in southern Brazil. We evaluated nestedness of the total community matrix and of classifications of taxonomic and morphologically based functional groups and correlated the observed nestedness with environmental and landscape variables. We also identified nested and idiosyncratic species and evaluated the response of each group of species to geographic and environmental gradients. The results indicated a low but significant degree of nestedness in phytoplankton species composition and in most of the taxonomic and functional classifications, which were mainly correlated with soluble reactive phosphorus, total dissolved nitrogen and coefficient of variation of area. Nested species were influenced by geographic distance, suggesting dispersal limitation; whereas the distribution of idiosyncratic species underlined the importance of stochastic events in the patterns of phytoplankton communities. Our results showed that nestedness of taxonomically based or morphologically based groups is driven by different environmental factors, emphasizing the importance of taking into account ecological differences between taxonomic and functional groups of phytoplankton.
I N T R O D U C T I O N
Understanding the patterns of species distribution at different scales has always been a central goal in ecology (Leibold et al., 2004; Socolar et al., 2016) . In recent years, the concept of a metacommunity, "a set of local communities that are linked by dispersal of multiple potentially interacting species" (Leibold et al., 2004) has advanced, with the recognition that both local (e.g. environmental characteristics) and regional (e.g. dispersal) factors may affect the ecological patterns of communities (Logue et al., 2011) , emphasizing the importance of taking into account the spatial dimension when studying biological communities.
One of the most common spatial patterns of species distribution is nestedness, which together with species turnover, contributes to the variation in community composition, i.e. beta diversity (Anderson et al., 2011) among sites (Baselga, 2010) . While species turnover refers to the replacement of species among sites (Baselga, 2010) , nestedness refers to the ordered loss of species in a community, in which the species composition in poor communities is a subset of the species composition in rich communities within a metacommunity (Patterson and Atmar, 1986; Wright et al. 1998) . In metacommunities showing a nested pattern of species distributions, common species occur in all local communities, while rare or less frequent species tend to occur only in the most diverse ones (Soininen, 2008; Soininen and Köngäs, 2012) . The gradual loss of species that generates a nested pattern is influenced by many factors that lead to selective extinction or colonization (Patterson and Atmar, 1986; Atmar and Patterson, 1993) . Among these factors, the degree of isolation, area (Higgins et al., 2006) and heterogeneity of environmental characteristics (Hylander et al., 2005) may affect species that are inefficient dispersers or are sensitive to harsh environments, contributing to species loss. Nestedness is expected to occur along both natural and anthropogenic environmental gradients, if species that are susceptible to the loss of certain environmental characteristics or habitats are selectively removed from homogeneous habitats (Heino and Muotka, 2005) . Evaluating nestedness is important to recognize ecological patterns of community distribution, and consequently for conservation strategies. For example, rare species in a nested metacommunity tend to occur in the most diverse communities and thus can be protected by conservation strategies that focus on species-rich habitats (Patterson, 1987; Xu et al., 2015) . On the other hand, when the degree of nestedness is low, species turnover may be high, and therefore the conservation of unique, lowdiversity habitats may be appropriate, since rare species may also be present in sites with low species diversity (Soininen and Köngäs, 2012) .
Nestedness has been detected in many groups of organisms in terrestrial habitats (Patterson and Atmar, 1986) , although anti-nested patterns have been reported in birds (Si et al., 2015) . Aquatic organisms may also show nestedness, such as plankton in lakes (RamosJiliberto et al., 2009; Soininen and Köngäs, 2012) , and diatoms (Soininen, 2008) and invertebrates (Heino et al., 2009) in streams. It is commonly expected that nestedness would be lower among small organisms than among large-bodied organisms (Souffreau et al., 2015; Heino et al., 2016) because the former disperse easily (Finlay, 2002) . However, some studies have shown that size may not be a good correlate of nestedness. For instance, Baber et al. (2004) found that macroinvertebrates showed a significantly higher degree of nestedness than amphibians in 42 isolated freshwater wetlands, suggesting that a larger number of amphibian species found in poor communities may not occur in communities rich in amphibian species. Soininen and Köngäs (2012) observed that lake bacterioplankton communities were more nested than phytoplankton and zooplankton, although all three groups showed some degree of nestedness.
The nested pattern is rarely perfect (Soininen and Köngäs, 2012) , since some species may occur in speciespoor communities but may not occur in species-rich communities. Thus, species may be classified as those that follow the nested pattern of distribution (i.e. nested species) and those that do not follow this pattern (i.e. idiosyncratic species) (Atmar and Patterson, 1993; Soininen and Köngäs, 2012) . The occurrence of idiosyncratic species can be associated mainly with geographic barriers and competition (Atmar and Patterson, 1993) . Idiosyncratic species also tend to differ from nested species in their responses to environmental factors, showing wider niches and geographic distributions (Heino et al., 2009) , contributing to community richness and diversity. For diatom communities, for example, it has been demonstrated that idiosyncratic species extended over longer geographic distances than nested species (Soininen, 2008) . Also, communities dominated by idiosyncratic species may show high turnover rates (Soininen, 2008) .
In the freshwater ecosystem, phytoplankton is a diverse group of organisms that responds strongly to local physical and chemical variables (e.g. depth, light and nutrient availability) (Kruk et al., 2011; Wojciechowski et al., 2017) and to landscape characteristics, such as lake area (Ramos-Jiliberto et al., 2009) and connectivity (Moritz et al., 2013) . Some studies with algae showed that environmental variables related to the trophic state, such as hydrogen potential (pH), total phosphorus (TP) (Heino et al., 2016) and electrical conductivity (Cond) (Soininen and Köngäs, 2012) are correlated with a nested pattern. Area and isolation of lakes also may strongly correlate with nestedness of phytoplankton communities (Ramos-Jiliberto et al., 2009) . However, phytoplankton communities are very heterogeneous in their composition, harboring species from different groups with distinct ecological requirements, tolerance and dispersal capacities (Soininen, 2008; Moritz et al., 2013) . Deconstructing the biological matrix is an interesting approach to analyze distribution patterns and underlying patterns and processes that cannot be detected when studying the general structure of the community (Vilmi et al., 2017) . The deconstructive approach commonly uses biological traits such as growth form and body size to distinguish several functional groups within a biological community and to analyze the variation in such subsets of species (Algarte et al., 2014; Heino and Peckarsky, 2014) . Sorting phytoplankton species into groups based on their functional traits may provide reliable information on environmental variability and distribution patterns of this heterogeneous community (Salmaso et al., 2015) , since it helps to understand whether the loss or gain of a particular species affects ecosystems to the same extent as the loss or gain of certain functional characteristics (Behl et al., 2011) . Further, considering that changes in the distribution, structure and dynamics of phytoplankton communities may have profound effects on the functioning of aquatic ecosystems, on the quality of water resources, and on human well-being (Catherine et al., 2016) , it is essential to understand how these communities are organized in freshwater ecosystems. The distribution of species in some groups of freshwater phytoplankton (diatoms, cyanobacteria and green algae) has a significant nested structure, which can aid in regional planning for freshwater conservation, as shown, for example, in the study by Ramos-Jiliberto et al. (2009) .
In this study, we evaluated whether phytoplankton communities showed a nested pattern over a wide range of environmental conditions among 25 coastal shallow lakes in southern Brazil, using the total community matrix, and also by deconstructing it into taxonomic and morphologically based functional groups (MBFG). We expected that environmental heterogeneity, limnological variables related to resource availability, as well as lake area and connectivity would be best correlated with nestedness. We also identified nested and idiosyncratic species and evaluated whether these species differ in their responses to geographic and environmental gradients.
M E T H O D Study area and sampling
The Tramandaí River System (TRS) on the southern coast of Brazil (29°37′-30°30′ S and 49°74′-50°24′ W) is composed of 41 coastal shallow lakes. This system has a total area of 2 700 km 2 . These lakes vary widely in shape and size and also vary somewhat in area due to changes in water volume. Most of the lakes have a moderate connectivity with other lakes and low connectivity with the estuary, which is permanently open to the ocean (Guimarães et al., 2014) . The landscape and soil use around these lakes consist of grassland, farms, forests, rice paddies, tree plantations and leisure and bathing areas (Guimarães et al., 2014) . The TRS is mainly influenced by northeast and southwest winds (Cardoso and Motta Marques, 2004 ) in a subtropical climate, Köppen type Cfa (Alvares et al., 2013) .
Sampling was performed in 25 coastal lakes of the southern portion of the TRS (Fig. 1) , during summer (February 2014). We collected samples for abiotic and biological analyses concurrently, using flasks in the subsurface water (15 cm depth) along a longitudinal transect, assuming that, because of the strong influence of wind action and the shallowness of the lakes, sampling in the mixed epilimnion well represents the phytoplankton community. In each lake, we sampled five sites in the littoral and pelagic zones, totaling 125 sampling points. 


Environmental variables
Cond, dissolved oxygen (DO) and pH were measured in situ using a Water-Quality Multiprobe-Manta 2 (Eureka, Austin, TX, USA). Depth was measured using a graduated ruler. Water transparency (Transp) was determined using a Secchi disk. Turbidity (Turb) was measured in nephelometric turbidity units (NTU), using a Hach™ 2100 N turbidimeter (Loveland, CO, USA). Water color (Color; absorbance at 450 nm) was determined with a Digimed DM-COR colorimeter (Digimed Instrumentação Analítica, São Paulo, SP, Brazil). Soluble reactive silicon (SRSi) was measured with a Merck SQ118 Spectrophotometer (Merck KGaA, Darmstadt, Germany) according to American Public Health Association (2012). Suspended solids were obtained by filtration using glass-fiber filters (GF/C, Whatman). After filtration, for the total suspended solids (TSS) the samples were dried at 103-105°C, and for the fixed suspended solids (FSS) the samples were ignited at 550°C for 15-20 min (American Public Health Association, 2012). For chlorophyll a (Chl-a), water samples were filtered through GF/F filters (Whatman) and measured by spectrophotometry after extracting pigments with ethanol (Jespersen and Christoffersen, 1987) . Total nitrogen (TN), total dissolved nitrogen (TDN), total ammoniacal nitrogen (NH 3
), TP and soluble reactive phosphorus (SRP) were measured using colorimetric methods, following American Public Health Association (2012). Carbon forms were evaluated using TOC V equipment (Shimadzu VCPH). First, samples for dissolved organic carbon (DOC) and dissolved inorganic carbon (DIC) were filtered through a 450°C precombusted glass-fiber filter (0.45 μm mean mesh size). DOC and total organic carbon (TOC) were measured using the non-purgeable organic carbon (NPOC) method, where the sample is ignited after addition of acid. DIC was measured by the difference between acidified and non-acidified NPOC measurements, while particulate organic carbon (POC) was estimated from the difference between TOC and DOC. The trophic state of the lakes was evaluated according to Wetzel (2001) .
Landscape variables
We obtained five landscape variables from the report by Guimarães et al. (2014) : coefficient of variation of area (CVA; water imbalance calculated from the mean and standard deviation of the variation of lake area, according to the water flow in the channel connecting the lake to the ocean), estuarine connectivity (CE; connectivity of each lake to the estuary), lake area (hectares), primary connectivity (CP; degree of connection of each lake with other surrounding lakes) and shape (perimeter: area ratio). Values of CE and CP (from~0 to any positive number larger than the minimum value) are based on cost distances (measured as grid cell equivalents), which were measured using different friction values for different connection types. For detailed information on how each variable was obtained, see the report by Guimarães et al. (2014) . The geographic coordinates were obtained for each site using a Garmin Etrex 10 Global Positioning System (GPS).
Meteorological variables
Wind velocity (WV) and wind direction (WD) were obtained from the Torres Meteorological Station (INMET, Rio Grande do Sul, Brazil). Meteorological data were collected hourly during the sampling month. A wind rose was constructed using WRPLOT View 8.0.0 (Lakes Environmental, 2016).
Biological variables
For qualitative and quantitative analyses of phytoplankton, samples were preserved with 1% acetic Lugol. The quantification of phytoplankton followed Ütermöhl (1958) , and settling time and accuracy (95%) followed Lund et al. (1958) . The density of taxa (individuals mL -1 ) was estimated according to Ros (1979) . The biovolume of each species was calculated based on the closest geometric solid to the cellular form, isolated or combined, according to Hillebrand et al. (1999) , from mean values of measurements of at least 30 individuals. Biomass (mm 3 L -¹) was estimated after multiplying the biovolume values by the density of each taxon. The species were classified into taxonomic groups and also according to the MBFG (Kruk et al., 2010; Reynolds et al., 2014) , as follows: Group I (small, with high surface: volume ratio), Group II (small siliceous flagellate), Group III (large gas-vacuolate filaments), Group IV (small nonflagellate), Group V (medium/large unicellular flagellate), Group VI (siliceous non-flagellate), Group VII (large mucilaginous colonies) and Group VIII (nitrogenfixing Cyanobacteria).
Data analysis Environmental spatial trends
In order to evaluate the overall spatial trends of environmental and landscape variables, a principal components analysis (PCA) (Legendre and Legendre, 1998) was performed. We used the ordiselect function of the vegan package (Oksanen et al., 2013) to select the environmental variables with the 25% highest scores in relation to axes 1 and 2. Prior to the analysis, the dataset was standardized by its mean and scaled by its standard deviation.
Nestedness
We analyzed the occurrence of a nested pattern of species composition, in each taxonomic group (except Raphidophyceae and Xanthophyceae, because of the small number of species) and in MBFG. We first grouped the five phytoplankton samples from each lake into a presence-absence matrix per lake. For this, we used the nestedness metric based on overlapping and decreasing fill (NODF) (Almeida-Neto et al., 2008) , which quantifies the degree to which species-poor communities are subsets of the richest communities in a metacommunity. This metric produces values between 0 and 100, where NODF = 100 represents a perfectly nested set. The NODF metric calculates nestedness among rows (sites) and among columns (species), but since our aim was to evaluate the occurrence of nestedness in species composition, in each taxonomic group and in MBFG, among lakes, we calculated only the NODF among rows, similarly to the approach used by Schneck et al. (2011) . We used two null models to test the significance of nestedness (999 permutations): (i) equiprobable lines and equiprobable columns, where the number of presences is preserved, but the frequencies of occurrence of the species and the species richness of each site are not preserved and (ii) equiprobable lines and fixed columns, where the frequency of occurrence of the species is preserved, but the species richness of each site is not preserved (Gotelli, 2000; Jonsson, 2001; Ulrich and Gotelli, 2007) .
Factors correlated with nestedness
When a nested pattern was detected, we evaluated the Spearman correlation between the rank of nested lakes and the environmental, meteorological and landscape variables, to determine the importance of these variables in generating nestedness (Heino and Muotka, 2005; McAbendroth et al., 2005) . For these correlations we used (i) the mean value of the five sites sampled per lake of each environmental variable (here, referred to as mean limnological variables), (ii) environmental heterogeneity of each lake, (iii) average environmental conditions of each lake and (iv) each of the six landscape variables. The environmental heterogeneity of each lake was calculated using the PERMDISP approach (Anderson et al., 2006) on a Euclidean-distance matrix, after centering each variable by its mean and scaling it by its standard deviation. PERMDISP evaluates the multivariate dispersion of the sites from the group centroid (each lake) in the total multidimensional space, calculated in a principal coordinates analysis, so that the larger the mean distance to the centroid, the larger the environmental heterogeneity. The average environmental conditions were obtained using the scores of the first and second axes of a PCA, also after centering each variable by its mean and scaling it by its standard deviation.
Nested and idiosyncratic species
To categorize nested and idiosyncratic species, we used a modified version of the statistical metric T from Atmar and Patterson (1993) , developed by Ulrich and Gotelli (2007) and referred to as MT. This metric was used instead of the NODF metric to facilitate comparison with other studies (McAbendroth et al., 2005; Soininen, 2008; Heino et al., 2009) and following the suggestion of Soininen and Köngäs (2012) . This metric allows us to classify as nested and idiosyncratic the species with MT values below and above the mean of all species MT values, respectively (Soininen and Köngäs, 2012) . Idiosyncrasy was tested only for the total phytoplankton community composition because we understand that a species is idiosyncratic (or nested) regardless of the analysis performed with the whole community or with individual taxonomic and functional groups. We used a non-parametric Mann-Whitney test to evaluate whether nested and idiosyncratic species contribute differently to phytoplankton biomass. Further, to evaluate how nested and idiosyncratic species respond to environmental (environmental and landscape variables) and geographical gradients, we used partial Mantel tests with Pearson correlation (Legendre and Legendre, 1998 ) based on 9999 permutations. We used the Sørensen dissimilarity coefficient on phytoplankton presence-absence data, and Euclidean distance on environmental (after centering each variable by its mean and scaling it by its standard deviation) and geographic data to obtain measurements of phytoplankton and environmental dissimilarity and geographic distance, respectively. Before running the partial Mantel tests, we excluded highly correlated variables (r ≥ 0.8).
We performed all analyses, except the MT metric, using the packages vegan (Oksanen et al., 2013) , corrplot (Wei, 2016) and caret (Kuhn et al., 2015) in the R environment (R Core Team, 2017). MT was calculated using the NODF program, version 2.0 (Ulrich, 2012) .
R E S U L T S
The most notable environmental differences among the lakes were related to Cond, water transparency and nutrients, especially TP. The trophic state of the lakes ranged from oligotrophic to eutrophic (Table I) , with most of the lakes classified as oligo-mesotrophic (Supplementary data, Table SI ). The PCA summarized 50% of the total abiotic data variability on the first (35.1%) and second (14.9%) axes (P < 0.001 for the first two axes; Fig. 2 ). The variables that contributed most to the ordination of axis 1 were TP (r = -0.90), TDN (-0.89), Chl-a (-0.89), SRP (-0.87) and NH 3 .NH 4 (-0.87), whereas CP (0.68), shape (0.65), area (0.59), WD (0.57), Cond (0.54) and WV (-0.49) were the main contributors to axis 2. In general, the PCA indicated that the 25 lakes differ in their environmental characteristics (Table I ; Supplementary data, Table SI; Fig. 2 ). The WD was predominantly from the northeast to the southwest (Fig. 3) .
A total of 452 phytoplankton species were identified. Chlorophyceae (32.9%) was the most important group in terms of species richness, followed by Bacillariophyceae (25.2%), Cyanobacteria (14.1%), Zygnematophyceae (10.3%), Euglenophyceae (7.5%), Cryptophyceae (3.8%), Dinophyceae (2.8%), Chrysophyceae (1.7%), Raphidophyceae (0.8%) and Xanthophyceae (0.2%).
Phytoplankton nestedness ranged from 1.83 to 46.16, and 13 of 17 phytoplankton matrices showed significant nested patterns (Table II) . The species composition also showed a significant nested pattern, in which lake 20 (Lake Peixoto) showed the highest species richness, with 144, and lake 21 (Ramalhete) the lowest richness, with 17 (Fig. 4) . The nested pattern was also observed in the taxonomic and MBFG classification, with the exception of Dinophyceae and MBFGs II, III and VIII (Table II) . However, the order of nestedness among lakes for each dataset was not the same (Supplementary data, Table SII ).
The majority of the variables tested correlated significantly with the nested patterns observed for phytoplankton composition, as well for the taxonomic and MBFG classifications (Table III) . The nestedness of Cyanobacteria was significantly associated with several limnological variables, being positively correlated with TSS, Chl-a, SRP, POC and TDN, and also with environmental heterogeneity. Chlorophyceae and Zygnematophyceae nestedness was positively correlated only with TDN and CVA, while nestedness of Bacillariophyceae was not correlated with any of the variables tested (Table II) . In the MBFG, the nested patterns of groups VII and I correlated with most limnological variables and with the average environmental conditions (scores of first PCA axis). MBFG I was also correlated with the landscape variables, such as lake connectivity and shape. Only MBFG V showed a significant (negative) correlation with lake area. The nestedness of none of the datasets tested was correlated with WD or velocity. In general, the variables most correlated with nestedness were TDN, SRP and CVA (Table III) .
The number of nested species (291) was higher than the number of idiosyncratic species (161) in the total dataset, and consequently the biomass of nested species was significantly higher than the biomass of idiosyncratic species (U = 833.0; P = 0.0002). However, the number of idiosyncratic species was high, representing 35.6% of the total number of species. Nested species showed no significant correlation with environmental dissimilarity (r = 0.01; P = 0.31), but did show a significant correlation with geographic distance (r = 0.24; P = 0.003). Idiosyncratic species showed no significant correlation with environmental dissimilarity (r = -0.15; P = 0.96) or with geographic distance (r = 0.04, P = 0.26).
D I S C U S S I O N
The processes that contribute to the distribution of species within metacommunities can be reflected in the degree to which the set of communities that constitute them shows nestedness (Leibold and Mikkelson, 2002; Bae et al., 2014) . Nestedness may result from different dispersal abilities (McAbendroth et al., 2005) , morphological specialization (Rezende et al., 2007) , and environmental tolerances (Driscoll, 2008) , and may also be related to habitat heterogeneity (Hylander et al., 2005) or isolation (Patterson, 1990) . Processes associated with the formation of geographic barriers, post-isolation immigration and competition may reduce nestedness (Atmar and Patterson, 1993) . In this study, we found nested distribution patterns for the total phytoplankton community composition, taxonomic groups and MBFG. We also found that although most of the datasets showed significant nestedness, the number of idiosyncratic species was high, which may explain the relatively low values of nestedness (1.8-46.2). Further, as our study dealt with microscopic aquatic organisms, the low NODF values may reflect the efficient dispersal of these organisms (McAbendroth et al., 2005; Hill et al., 2017) , as well as disturbances (Larsen and Ormerod, 2010) , or even stochastic colonization events (Chase, 2010) , which decrease  nestedness in freshwater aquatic ecosystems (Wright et al., 1998) . It could also be expected that increased lake connectivity due to WD would weaken barriers to dispersal, especially in shallow lakes (Lima et al., 2016) . Our results suggest that the observed nested pattern of phytoplankton communities is related mostly to environmental constraints, especially to the availability of resources such as SRP and TDN, in addition to the water-level imbalance of lakes (CVA). Most variables indicative of resource availability correlated positively with the order of nested lakes, that is, richer communities occurred in lakes with higher concentrations of SRP and TDN, while lakes with lower concentrations of these nutrients had lower species richness. This positive relationship between nutrient concentrations and species richness agrees with the meta-analysis conducted by Hillebrand et al. (2007) , who found that the species richness of primary producers increases with nutrient enrichment in freshwater ecosystems. Considering that most of the lakes studied here are oligo-mesotrophic, an increased resource availability may allow a larger set of species to persist, through niche diversification and through maintenance of large populations that are less prone to stochastic extinctions (Hillebrand et al., 2007) . Chase (2010) suggested that strong environmental filters play an important role in unproductive ponds, such that only a relatively small set of species can persist. The opposite relationship could be expected in lakes that are strongly impacted by anthropogenic enrichment, considering that these environments are commonly dominated by cyanobacteria (O'Neil et al., 2012; Wojciechowski et al., 2017) , as is the case for the most eutrophic lake in our study (Lake Marcelino), which may lead to a decrease in local and regional diversity of the aquatic biota.
Cyanobacteria and group VII [large mucilaginous colonies, e.g. Microcystis aeruginosa (Kützing) Kützing] showed the highest positive correlations with variables related to resource availability, such as SRP, TDN, TSS (in this case, representing light availability) and chl-a; most Significance was evaluated using two null models: equiprobable lines and equiprobable columns (NM1) and equiprobable lines and fixed columns (NM2). Bold indicates P < 0.05. I, II, III, IV, V, VI, VII, VIII, MBFG. Fig. 4 . Nestedness order of the composition of phytoplankton communities among the 25 shallow coastal lakes in southern Brazil; black lines indicate the occurrence of the species in each lake. Lake 20 (Lake Peixoto) showed the highest species richness, while lake 21 (Lake Ramalhete) showed the lowest species richness. See Fig. 1 for numbers and names of lakes.
Cyanobacteria species occurred in the more eutrophic lakes, while only a subset of species occurred in the lessproductive lakes. Further, only Cyanobacteria showed a significant correlation with environmental heterogeneity, which was probably related to the wide range of environmental conditions in which blue-green species might occur (Reynolds, 2006; Stoyneva-Gärtner et al., 2017) . This is certainly associated with their several survival strategies, such as the ability to overcome nutritional deficiency (e.g. N fixation, P storage) or light limitation (e.g. aerotopes, light antennae) (Reynolds, 2006) . Here, the degree of nestedness of Bacillariophyceae showed only weak and non-significant relationships with limnological and landscape variables, in contrast to other studies that showed a strong correlation between nestedness in diatoms and environmental variables, such as nutrient concentrations and electrical conductivity (Leland and Porter, 2000; Soininen et al., 2004) . This result leads us to suggest that the main driver of the observed nestedness pattern for diatoms appears to be dispersal, rather than environmental conditions (Soininen, 2008; Vilmi et al., 2017) . The nestedness pattern of Chlorophyceae also correlated with only a few variables (TDN and CVA). This group is usually abundant and species-rich in lake phytoplankton, and is related to high concentrations of nutrients, especially nitrogenous compounds (Reynolds, 1984; Reynolds et al., 2002) . Of the species of Chlorophyceae found in this study, the genus Monoraphidium is commonly associated with shallow and enriched environments (Reynolds et al., 2002) , as are Ankistrodesmus (Reynolds, 1984) and Dictyosphaerium pulchellum (Margalef, 1983) . Nestedness in MBFG was more correlated with landscape variables than was nestedness in taxonomic groups and species composition, indicating that aspects of environmental functionality are not observed only when species composition is considered (Swenson, 2011) . The MBFGs that best correlated with CP (Group I), area (Group V) and shape (Group I) of the lakes were those composed of small-sized unicellular flagellate species.
Of the landscape variables, the CVA was most frequently correlated with nestedness. This variable indicates how a lake can increase and decrease in area, according to the water level in the TRS and/or the flow through the outlet channel to the ocean (Guimarães et al., 2014) . The degree of nestedness of a lake phytoplankton community may be related to a larger variation in lake area, which causes disturbance and may allow more species to establish through the frequent opening of niches. Contrary Correlations were assessed using (i) mean limnological variables per lake (LIMNO), (ii) environmental heterogeneity as measured by PERMDISP (EH), (iii) mean environmental conditions measured by the scores of axes 1 and 2 of a PCA (EC) and (iv) landscape variables (LV). SC, phytoplankton species composition; Chl, Chlorophyceae; Chr, Chrysophyceae; Cry, Cryptophyceae; Cya, Cyanobacteria; Eug, Euglenophyceae; Zyg, Zygnematophyceae; I, IV, V, VI, VII, MBFG. See Fig. 2 for abbreviations of limnological and landscape variables and Table I for units of each limnological variable.
to our expectations, area and connectivity of the lakes were not correlated with nestedness for most of the datasets. In a highly connected system such as these lakes, Moritz et al. (2013) have shown that metacommunity processes can be spatially interconnected and that dispersal may be the main factor affecting the distribution pattern of communities. In this case, in interconnected lake systems, we would expect similar species richness and species composition between neighboring lakes and the opposite in systems with little or no connectivity (Shurin et al., 2009) . Differences in the dissimilarity of nested and idiosyncratic species in response to environmental and geographic distances were weak, as observed in other studies (Heino and Soininen, 2010; Soininen and Köngäs, 2012) . However, the results corroborate a higher dispersal limitation for nested species in comparison with widely distributed idiosyncratic species, as suggested by McAbendroth et al. (2005) , showing that the distance between lakes seems to be one of the factors that determines the nestedness pattern observed in the phytoplankton communities (nested species) of the system. In this study, idiosyncratic species seem to have a more stochastic distribution, unrelated to environmental variables or to geographic distance.
Although biological communities are shaped by complex interactions and stochastic processes (Gravel et al., 2006; Bahram et al., 2016) , our broad set of descriptive variables helped to highlight the importance of both environmental and landscape variables in explaining nestedness in phytoplankton communities, due to the high sensitivity of these organisms to changes in environmental conditions (Vanormelingen et al., 2008) . Further, the general low degree of nestedness found in this study suggests that conservation of only the most species-rich sites may not be a good tool for the conservation of freshwater environments, since rare and/or idiosyncratic species may also be present in sites with lower species richness (Soininen and Köngäs, 2012) . However, our results are for phytoplankton communities in shallow coastal lakes in summer, and it is well known that species composition of lakes might change depending on the season and type of ecosystem.
C O N C L U S I O N S
We found that taxonomic and functional nested patterns of phytoplankton communities were related mainly to the availability of resources. The general trend was toward higher species richness in lakes that are richer in nutrients. We wish to emphasize the importance of testing the functional characteristics (MBFG system), because through this approach we were able to perceive a correlation of the nestedness with the landscape. In other words, our results showed that nestedness of taxonomic or morphologically based groups is driven by different environmental factors, demonstrating the importance of taking into account ecological differences between taxonomic and functional groups of phytoplankton. Overall, this study, in addition to indicating different nestedness response patterns among the phytoplankton communities, due to the importance of nutrient concentrations and landscape, also highlights the occurrence of nested species, influenced by dispersal. However, the significant presence of idiosyncratic species reduces nestedness, emphasizing also the importance of stochastic events in patterns of phytoplankton communities. Finally, these results highlight the importance of conservation strategies regarding not only the most diverse freshwater coastal environments, considering that the dynamics of the phytoplankton community reflects the environmental, landscape and spatial conditions to which it is subjected, in order to guarantee the continuity of ecosystem services and maintenance of the diversity of phytoplankton species.
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